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Highlights: We explored the impact of tree structural parameters on spatial LiDAR signal. We created 
detailed virtual representations of forest scenes that we subsequently altered structurally and 
geometrically. We simulated a large-footprint LiDAR signal on the virtual scenes. Alteration of forest 
scenes impacted the metrics extracted from the backscattered waveforms up to a 136.4% difference. 
Key words: virtual forest scene, plant architecture, radiative transfer, spaceborne LiDAR, simulation, 
sensitivity analysis 
Introduction 
Light Detection And Ranging (LiDAR) technology has the potential to assess forest structural parameters 
and notably canopy height, wood biomass or volume, and leaf area index [1]. Although these parameters are 
typically estimated at the stand level, the LiDAR backscattered signal is affected by vegetation structural 
properties at tree level. For example, leaf clumping and leaf inclination distribution are believed to have a 
significant effect on the backscattered signal [2], whereas crown archetypes assumptions significantly affect the 
parameters derived from LiDAR return [3]. Simulation of LiDAR signal on realistic and detailed virtual 
representations of forest stands can be used to better understand how the LiDAR signal interacts with the 
different parts of a tree, which is a step towards the development of improved methods for assessing vegetation 
characteristics from LiDAR data. 
The main objective of this work is to explore how vegetation structural parameters at a fine scale (i.e. 
individual tree level) impact basic metrics extracted from the backscattered waveform of a large footprint 
LiDAR system. LiDAR waveforms were simulated on a realistic virtual forest scene. A sensitivity analysis was 
conducted by altering virtual scenes to assess the impact of structural and geometrical simplifications of the tree 
representation on the simulated LiDAR signal and on few metrics derived from the waveforms. The results of 
this sensitivity analysis should provide insights into which tree structural parameters (1) precisely impact the 
LiDAR simulations, and (2) have to be independently estimated for the inversion of a real LiDAR waveform. 
Materials and methods 
We first applied an original approach to create tridimensional realistic virtual representations of maritime 
pine plantations by the simulation of tree development in stand (i.e., including inter-tree competition and 
functional relationships between branch section and supported leaf area). The resulting forest scenes, 
representative of a set of plots measured in the field, were validated by a comparison with forest inventory data. 
We then simulated a large-footprint LiDAR signal on the virtual forest scenes and their altered versions in order 
to test whether the modified parameters impacted the backscattered waveform.  
Creation of 3D realistic virtual scenes of maritime pine plantations 
The creation of the virtual forest scenes is based on the botanical knowledge of plant architectural 
development [4] and takes into account plant-to-plant interactions. The scenes were produced with the AmapSim 
software [5], available from the AMAPstudio software suite for plant architecture modelling [6]. We used forest 
inventory data and terrestrial LiDAR data from seven plots from the study site of St-Symphorien (France), in the 
Landes' forest, to calibrate age-dimension distributions of diameter at breast height (dbh), total height, height of 
crown base, and crown area projection. Additionally, we used published reports to calibrate age-foliage area 
relationships [7]. The simulations were constrained so as to fit with distribution of tree dimensions observed in 
the reference plots and reported in the literature. 
 
Sensitivity analysis of a simulated LiDAR signal to vegetation structure 
The 3D virtual scenes of maritime pine plantations obtained with AMAPsim were post-processed with 
Xplo, also available from AMAPstudio, in order to segment virtual trees according to both the nature (leaves vs. 
wood) and the dimensions (branch section) of their components. The realistic (i.e. non-altered) representations 
served as references for the sensitivity analysis. They were then altered in three different ways, while preserving 
tree density, canopy height and LAI of the original scenes. (1) Geometric alterations modifying the shape, size 
and inclination of leaves in the reference scene were conducted with Xplo. (2) A foliage voxelization was 
performed with DART by transforming the meshed representation of the foliage into a turbid medium and 
attributing to series of cubic volumes (voxels) the leaf area density of the reference scene. The leaf inclination 
angle distribution attributed to each voxel was either assumed to fit a predefined model (spherical, erectophile, or 
planophile distributions were tested) or was computed with actual angles of individual needles on the reference 
scene. (3) All tree components (trunks, fine, medium or large branches, and leaves) were alternatively removed 
to assess their specific contribution to the signal. 
A full-waveform large-footprint LiDAR signal was simulated on these representations using DART software 
for radiative transfer modeling [8]. The simulated laser pulsed at 1064 nm from a distance of 500 km above the 
ground with an inclination of 2° from the zenithal direction. The simulated footprint measured 20 m of diameter.  
Eight metrics were extracted from each simulated waveform (Fig.1): altMax (difference between the signal 
begin and the ground peak), altPic (difference between the vegetation peak and the ground peak), ext (waveform 
extent), VGRP (ratio between vegetation peak and ground peak), VGRT (ratio between vegetation total area and 
ground total area), rh15, rh50 and rh85 (distance from the signal begin of the 15, 50 and 85 percentiles of signal 
intensity). They were then compared across simulations. 
Results and discussion 
We obtained detailed virtual scenes composed of tridimensional meshed objects with known properties for 
every mesh, i.e. nature, dimension, orientation, inclination. The virtual trees are botanically realistic as they 
render the topology and geometry of plant elementary components, and fit the distribution of tree dimensions 
(diameter at breast height, total height, height of crown base, crown area projection, foliage area) either 
measured or predicted by allometries for the reference plots. Two virtual forest scenes were selected; 
corresponding to two inventoried circular plots of 15 m radius of maritime pines aged 19 and 60, respectively. 
 
Figure 1: Waveforms and associated LiDAR metrics for a detailed virtual scene (19 years old maritime pines) (a) 
and for the same scene with a voxelized representation of the foliage with a resolution of 1 m for the voxels (b). 
The LiDAR simulations on the scene of maritime pines aged 19 showed that the less sensitive metrics were 
altMax and ext (absolute prediction error ≤ 15.26%, see Table 1) whereas VGRP, VGRT and rh15 were more 
sensitive to the alterations performed (absolute prediction error up to respectively 125.00, 136.36 and 131.19%).  
The geometric alterations had less impact on the metrics than foliage voxelization or components suppression. 
The foliage voxelization impacted the metrics extracted from the waveform with an effect increasing with the 
voxel size (25 to 200 cm). For the foliage voxelization with actual predefined leaf inclination angle distribution, 
the most affected metrics were VGRP and VGRT. The impact of voxelization was more important for a 
planophile distribution, intermediate for a spherical distribution and less important for an erectophile distribution 
(respectively 125, 50 and 25% for VGRP and 136.36, 54.55 and 30.30% for VGRT). The alternative suppression 
of tree components showed the predominant role of leaves in the simulated waveform and the minor role of 
twigs and trunks. These results are consistent with the conclusions of a similar analysis on simulated small-
footprint LiDAR [9]. 
Table 1: Maximum absolute prediction error (%) for 6 metrics extracted from simulations on altered virtual 
scenes (only the differences ≥ 5% are reported). 
Modifications type 
(number of simulations) 
VGRP VGRT altMax altPic ext rh15 
Leaf size (4)  6.06  25.95   
Leaf form (2) 25.00 21.21  25.95  8.91 
Leaf angle of insertion (9) 25.00 27.27  25.95  8.91 
Reflectance of trees (6) 
Reflectance of soil (6) 
 12.12    7.92 
75.00 63.64 9.33  8.60 81.19 
Tree components     
suppressions (7) 
75.00 90.91 15.26 25.94 14.07 131.19 
Foliage voxelization (4) 125.00 136.36  25.95 11.72 34.16 
Conclusion 
These results indicate that having a precise description of small branches is not of critical importance for the 
modeling of vegetation-LiDAR interactions, but that a detailed representation of trees performed better than a 
voxelized scene (turbid medium representation of the foliage) for LiDAR waveform simulations. 
The substantial impact of the leaf inclination distribution on the simulated signal suggested that this 
parameter should be carefully parameterized in simulations and that caution is recommended for the inversion of 
a real LiDAR waveform. In particular, a spherical distribution hypothesis was not the most appropriate 
simplification in our study case. 
The sensitivity analysis showed that structural and geometrical alterations of detailed tree representations 
(especially leaves representation) have minor impact on the simulated LiDAR signal. Identifying the right level 
of simplification of foliage for LiDAR (and other signals) simulation has clear practical implications as it may 
significantly reduce the computing time in radiative transfer simulations. 
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